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Abstract: Polymer brushes and brush gels were prepared by RAFT polymerization. Prepared surfaces were 

characterized by XPS, AFM, ellipsometry, and water contact angle measurements. The swelling properties and 

stability of surfaces were compared. It was determined that the swelling ratio decreased with increasing grafting 

density and cross-linker ratio for polymer brushes and brush gels, respectively. As a result, it was observed that cross-

linked polymer brushes were more stable than polymer brushes, and the stability and swelling properties of polymer 

brushes could be controlled by cross-linking. 
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1. Introduction 

In 1914, Paul Walden first described ionic liquids (ILs) in his publication, where he gave the 

physical properties of ethyl ammonium nitrate.1 Even though in the years it was discovered it did not 

receive adequate attention, the exploration of this new generation material is considered to be around 

100 years old, and today they have managed to become the center of attention with ion conductivity, 

high thermal stability, non-flammability, high heat capacity, low vapor pressure, high polarity, and 

dissolving power.2,3 However, in the industrial processing of chemicals, it has often been labeled “green” 

and an environmentally friendly solvent.4 

Polymeric ionic liquids obtained by polymerization of ionic liquids are a subgroup of 

polyelectrolytes.5 This new generation polymeric materials have been obtained by incorporating ionic 

liquids' unique properties into the polymer chain. The polymeric materials in this subject have attracted 

attention in many fields of science and technology, from surface applications to temperature-sensitive 

and porous materials, from energy to biotechnology.6-8 

Thin organic coatings are often used to control the interaction of the coated material with the 

environment. Functional coatings have found their way in different high-tech applications such as 

electronics and biotechnology.9,10 Two different methods are used to prepare organic coatings depending 

on the interaction between the molecules and substrate. A common feature of physical methods is the 

dissolution of molecules in suitable solvents and then evaporation of the solvent.11 However, chemical 

methods in which molecules are covalently attached on solid surfaces (for example, polymer brushes) 

are more stable than physical methods.12-14 Although various polymerization techniques can be used for 

polymer brush synthesis, reversible-deactivation radical polymerization techniques are used in many 

studies due to their advantages. These techniques allow the preparation of well-defined polymers with 
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controlled molecular weight, polydispersity, composition, chain architecture, and site-specific 

functionality.15-19 

Although, compared to physical methods, chemical methods put forth more stable coatings,20 

depending on the conditions in which they are used, all thin organic films remove from the surface over 

time. This condition presents important problems, especially for polymer brushes bonded to the surface 

from a single point. To address these problems, cross-linked polymer brushes (brush gels) have been 

developed.21-23 Unlike polymer brushes attached to a solid surface by covalent bonds, brush-gels contain 

cross-linker and offer a combination of both polymer brushes and gels. In this study, the swelling 

behavior and stability of polymer brushes and brush gels were investigated. Consequently, the brush 

gels are more stable, although they showed similar swelling behavior with polymer brushes. 
 

2. Experimental 

 
2.1. Materials and Methods 

All chemicals were analytical reagent grade and obtained from Sigma-Aldrich and used as 

purchased unless otherwise specified. Deionized water (18.2 MΩ.cm) was obtained from a Milli-Q 

water purification system (Millipore, Bedford, MA, USA). The chemical composition information of 

the samples was obtained by XPS; the measurement was carried out on a Thermo Scientific K-Alpha 

spectrometer using a monochromatic Al K- X-ray source (h = 1486.6 eV). Charging neutralizing 

equipment was used to compensate sample charging, and the binding scale was referenced to the 

aliphatic component of C 1s spectra at 285.0 eV. The water contact angle measurements were conducted 

at room temperature using a goniometer (DSA 100, Krüss) equipped with a microliter syringe. 

Deionized water (5.0 L) was used as the wetting liquid. The morphology of the silicon wafers was 

recorded on a Park Systems XE70 SPM Controller LSF-100 HS. A triangular-shaped Si3N4 cantilever 

with integrated tips (Olympus) was used to acquire the images in the non-contact mode. The normal 

spring constant of the cantilever was 0.02 N/m. The force between the tip and the sample was 0.87 nN. 

The ellipsometric measurements were performed under ambient conditions using an ellipsometer (model 

DRE, EL X20C) equipped with a He-Ne laser (λ=632.8 nm) at a constant incident angle of 75°. The 

average dry thickness of polymer brushes on silicon substrate was determined by fitting the data with a 

three-layer model (native silicon [refractive index, n=3.86] + silicon oxide layer [n=1.46] + organic 

layer [n=1.47]. The swelling ratio of Ba-c and CBa-c layers were determined with ellipsometric 

thickness. The dry ellipsometric thickness (hd) of polymer-coated layers was measured, then the Ba-c 

and CBa-c layers were immersed in deionized water until equilibrium was reached. After the swollen 

Ba-c and CBa-c layers were removed from the aqueous solution, and wet thickness (hs) of the Ba-c and 

CBa-c layers was measured. To examine the durability of Ba-c and CBa-c layers, a homemade rotary 

flow system was used.20 Ba-c and CBa-c grafted silicon wafers were placed in a silicon tube (inner 

diameter: 10 mm, length: 310 mm) with PBS solution (10 mL). The homemade rotary flow system was 

connected to the evaporator (Heidolph Hei-VAP), was rotated at 37 °C for 72 h. The substrates were 

washed with PBS and water dried under a stream of nitrogen. 

 

2.2. Synthesis of 1-vinyl-3-buthylimidazolium bromide (VBIMBr) 

 A mixture containing 1-vinylimidazole (10.00 g, 0.11 mol) and equivalent molar amount of 1-

bromobutane (14.56 g, 0.11 mol) was stirred at room temperature for 48 h. The product was washed 

three times with diethyl ether and ethyl acetate and then dried in vacuum at room temperature to yield 

1-vinyl-3-buthylimidazolium bromide (88% yield). Physical and spectroscopic data were in agreement 

with literature reports.24 

 

2.3. Synthesis of 1,4-di(3-vinylimidazolium)butane bisbromide (DVIMBr) 

1,4-Di(3-vinylimidazolium)butane bisbromide (DVIMBr) was prepared by standard method.25 

1-Vinylimidazole (1 g, 10.6 mmol) and 1,4-dibromobutane (1.15 g, 5.3 mmol) were stirred in methanol 

at 60 °C for 15 h. Upon cooling, the reaction mixture was poured dropwise into diethyl ether. The white 

precipitate was filtered off and dried at room temperature (61% yield). Physical and spectroscopic data 

were in agreement with literature reports.25 
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2.3.2. Surface Fabrication 

RAFT agent immobilized silicon wafers, which were prepared in our previous reports,26-28 were 

placed in a glass reactor and degassed under vacuum for 30 min. VBIMBr monomer and DVIMBr cross-

linker (1, 2, and 5% of monomer for CBa-c) were added to a dry Schlenk tube along with 4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid (CPAD), 4,4′-azobis(4-cyanovaleric acid) (ACVA) 

(Monomer/RAFT agent/Initiator: 200:2:1), and DMF (10 mL). The mixture was degassed by three 

freeze-pump-thaw cycles. The solution was transferred to the glass reactor just before heating the reactor 

to 70 C for 24 h to allow for polymerization, and cross-linked PILs were obtained. The modified silicon 

wafers were washed with acetone and dried under a stream of nitrogen. 

 

 
 

Scheme 1. Preparation of PIL brushes (Ba-c) and brush gels (CBa-c). i. Piranha solution, 2% HF; ii. 

t-BOC allylamine – UV, 25% TFA, 10% NH4OH; iii. CPDBE, DCM, 60 h, rt; iv. VBIMBr, 

CPAD, ACVA, 24 h 70 C; v. VBIMBr, DVIMBr, CPAD, ACVA, 24 h 70 C. Chemical 

structures of VBIMBr and DVIMBr 

 

3. Results and Discussion  

3.1. Surface Modification and Characterization 

Polymer brushes and brush gels were prepared by RAFT polymerization. Silicon surfaces were 

cleaned with HF (1), and prepared hydrogen-terminated surfaces were modified with allylamine using 

UV (2). RAFT agent immobilized on amine-terminated surfaces, and polymer brushes were synthesized 

via RAFT polymerization (Scheme 1). The cross-linked polymer brushes were synthesized via in situ 

cross-linking method with different cross-linker ratios. 

 

                         Table 1. Atomic concentration of PIL layers as determined by XPS analysis 

Entry 
Atomic concentration (%) 

C N O Br 

Ba 68.13 15.19 9.21 7.47 

Bb 67.51 14.76 10.45 7.28 

Bc 66.73 14.51 11.79 6.97 

CBa 66.27 15.56 10.34 7.83 

CBb 66.31 15.67 9.77 8.25 

CBc 64.52 16.24 10.35 8.89 
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Figure 1. High resolution N 1s and Br 3d XPS spectrum of PILs brushes. The black solid curves 

represent the measured spectra, and the red solid curves represent the fitted results 

 

The synthesis and characterization of surfaces modified with a RAFT agent (3) have been 

detailed in our previous studies.26-28 After RAFT polymerization, polymer brushes and brush gels were 

determined by the N 1s signal caused by positively charged nitrogen (402.3 eV) and Br 3d (70.4 eV) 

(Figure 1). The chemical composition of the prepared surfaces was summarized in Table 1. It has been 

observed that the N/C ratio increased with the increase of the cross-linker ratio. However, the N/C ratios 

were lower than the theoretical N/C ratios for all cross-linked polymer brushes. This indicates that the 

cross-linker ratios of brush gels were lower than initial feed ratios. 

The morphologies of prepared surfaces were determined by atomic force microscopy (AFM). 

Two-and three-dimensional AFM images are shown in Figure 2. It was determined that the non-cross-

linked surfaces (Ba-c) were needle-like structure and that the surface roughness was 3.457 nm. RMS 

values increased from 3.682 nm to 7.831 nm, with an increased cross-link ratio. The AFM images 

showed that, the needle-like structure turned into a rod-like structure with cross-linking. 

 

 
Figure 2. 2D and 3D surface topography of 2.5 μm images of Ba (a, b), CBa (c, d), CBb (e, f) and CBc 

(g, h) 

 

The grafting density () and average distance between grafting points, D of the polymer brushes 

were calculated from the dry polymer thickness, h and the number-average molar weight, 𝑀𝑛 (the 

molecular weight of the grafted polymer chains is assumed to be similar to that of the free polymer in 

solution) values using eqs (1), (2), 

 𝜎 = ℎ𝜌𝑁𝐴 𝑀𝑛⁄       (1) 

𝐷 = (4 𝜋𝜎⁄ )1 2⁄       (2) 

where 𝜌 is the density of polymer (1.4136 g/mL)20 and NA is Avogadro’s number. The expected polymer 

chain conformation in good solvent was deduced from the comparison of D with the corresponding 

gyration radius (Rg) of the unperturbed chains calculated from eq (3), 

   𝑅𝑔 = 𝑏. (𝐷𝑃 6⁄ )1 2⁄      (3) 
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where DP is the degree of polymerization and b is the segment length (0.6 nm). The grafting parameters 

were summarized in Table 2. The ellipsometric thickness of non-cross-linked PIL layers (Ba-c) were 

measured as 112, 144, and 183 nm, while their grafting densities were calculated as 0.67, 0.72, and 

0.80 chain/nm2, respectively. A comparison of the average distance between the grafting points with 

twice the radius of gyration of the PIL chain resulted in a ratio of 0.32 (less than 1.0), which means that 

the grafted chains are indeed in a stretched and brush-like conformation. As a result of static water 

contact angle measurements, it was determined that all surfaces show a similar hydrophilic character, 

and the contact angle is about 45 . 

 

Table 2. Grafting parameters of PIL layers         
 

Conversion 

(%)a 

Mn,theo x 104 

(g.mol-1)b 

Mn,SEC x 104 

(g.mol-1) 
Mw/Mn DP 

h 

(nm)c 

 

(chains.nm-2) 

D 

(nm) 

Rg 

(nm) 

Ba 63 1.48 1.40 1.28 60 112 0.67 1.38 1.89 

Bb 74 1.74 1.65 1.25 71 144 0.72 1.33 2.06 

Bc 82 1.95 1.80 1.20 82 183 0.80 1.26 2.22 

aThe conversion of the polymerization was determined gravimetrically. 
b𝑀𝑛,𝑡ℎ𝑒𝑜 = (𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑥 𝑐𝑚𝑜𝑛𝑜𝑚𝑒𝑟  𝑥 𝑀𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑐𝑅𝐴𝐹𝑇 𝑎𝑔𝑒𝑛𝑡⁄ ) + 𝑀𝑅𝐴𝐹𝑇 𝑎𝑔𝑒𝑛𝑡 ,  

Monomer/RAFT agent/Initiator: 200:2:1. 
cDry thickness of PIL layers. 

 

3.2. Swelling and Durability of PILs layer 

To determine the swelling ratio in deionized water of Ba-c and CBa-c layers, the dry and wet 

thicknesses of the surfaces were measured by ellipsometry. The thickness swelling ratio, α, is defined: 

   𝛼 = ℎ𝑠 ℎ𝑑⁄       (4) 

where hs is the thickness of the swollen brush, and hd is the thickness of the dry brush. Figure 3 shows 

the change in surfaces' swelling ratio as a function of grafting density and cross-linker ratio. The swelling 

behavior of cross-linked polymer brushes was observed that the swelling ratio decreased with the 

increase of the cross-linker ratio in accordance with the literature.20,29 

 

 
Figure 3. Swelling ratio (hs/hd) of Ba-c and CBa-c layers in deionized water 

 

One of the most important factors directly affecting the area of use of prepared surfaces is 

stability. For this reason, static contact angle measurements and hysteresis values were used in addition 

to ellipsometric thicknesses to determine the prepared surfaces' stability. After the surfaces were 
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prepared, their ellipsometric thickness, water contact angles, and hysteresis values were determined, and 

the results for each surface were presented in the previous section. Prepared and characterized surfaces 

were incubated in a PBS buffer at 37 C for 72 hours in a homemade rotary flow system. The surfaces 

were then dried, and ellipsometric thicknesses, water contact angles, and hysteresis values were 

determined. 

The ellipsometric thicknesses of polymer brushes and brush gels before and after incubation are 

given in Table 3. After incubation, the polymer brushes' (Ba-c) thickness was 73, 85, and 114 nm, 

respectively. After incubation, the ellipsometric thickness of polymer brushes reduced by about 40%, 

while this was only 15% for cross-linked polymer brushes. The ellipsometric thicknesses of cross-linked 

polymer brushes (CBa-c) after incubation were measured at 115, 143, and 184 nm. However, the 

loss of ellipsometric thickness decreased from 21% to 14% with increasing the cross-linking ratio. This 

indicates that the stability of brush gels was increased with the increase of the cross-linker ratio. 

 

  Table 3. The ellipsometric thickness, water contact angle, and hysteresis of Ba-c and CBa-c layers 

before and after incubation 

 Thickness (nm)a  Contact Angle ()  Hysteresis ()b 

Before After  Before After  Before After 

Ba 112 73  456 437  144 215 

Bb 144 85  465 447  125 234 

Bc 183 114  447 426  175 297 

CBa 143 115  484 475  184 196 

CBb 175 143  456 454  154 175 

CBc 214 184  446 436  113 124 
aDry thickness of PIL layers. 
bThe advancing angle (θa) of the droplet defines the maximum contact angle of the surface, while the receding 

angle (θr) defines the minimum contact angle of the surface (where hysteresis is defined by ∆𝜃 = 𝜃𝑎 − 𝜃𝑟). 

 

The water contact angles and hysteresis values of surfaces were also studied before and after 

incubation. The hysteresis values increased due to increasing surface roughness. It is known that the 

hydrophobic and hydrophilic character of the surfaces increases with surface roughness. The separated 

chains from the surface caused a decrease in ellipsometric thickness while increasing surface roughness 

and hysteresis values. For cross-linked polymer brushes, the hysteresis values decreased from 196  to 

124  with an increased cross-linker ratio. The ellipsometric thickness and hysteresis values showed 

that the cross-linked polymer brush surface morphology did not change significantly. 

 

4. Conclusion 

In this study, PILs brushes and brush gels were prepared by RAFT polymerization. The chemical 

compositions of the prepared surfaces were determined by XPS. The grafting parameters of PIL brushes 

(Ba-c) were calculated using ellipsometric thickness and molecular weight of the polymers. It was 

determined that non-crosslinked polymer brushes were in brush conformation. The brush conformation 

of Ba-c was also confirmed with AFM images. The surface morphologies of cross-linked polymer 

brushes (CBa-c) were close to polymer brushes, but the RMS values were higher. The observed results 

demonstrate that the swelling ratio of PIL layers decreased with increasing grafting density and cross-

linker ratio. The cross-linked polymer brushes showed that they could gather the features of polymer 

brushes and gels. 
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